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1. INTRODUCTION

The calibration of reciprocal radar systems has been studied in [1}, where it was shown: (1)
that full polarimetric calibration of radar systems can remove cross-polarization errors from
the measurements, and (2) that for reciprocal radars Fourier analysis of polarimetric data
obtained using a rotating dihedral can reduce noise and background errors in the calibration.
To calibrate nonreciprocal radar systems [2], we must obtain full polarimetric data from two
objects whose scattering matrices have independent eigenvectors [3]. Thus, in addition
to a rotating dihedral, a sphere or a flat plate is needed to solve for the transmitting and
receiving characteristics of the system [3,4,5]. We find the current methods of solution of the
calibration equations unattractive for the following reasons: (1) noise and clutter rejection
is not built into the analysis, and (2) the mathematics seems unnecessarily complicated. In
addition to mathematical simplification, several ways to verify data integrity are presented,
so that system problems can be detected early in the calibration phase.

2. POLARIMETRIC CALIBRATION OF NONRECIPROCAL RADARS
The measured signal M received from a target is given by

(Mhh le) =K (Rm. Rhu) (.Am. -Ahu) (Tm. Thu) ()
Muh Mm/ - va Rvu -Auh Avv Tuh Tvu !

where R. and T are the receiving and transmitting characteristics of the radar system, A
is the scattering matrix of the target, and X is a complex constant containing phase and
distance information. For nonreciprocal systems no a priori relationship is assumed among
the elements of R and T. To solve for the two unknown matrices R and T, we need several
independent measurements. Let M; and M3 be two such measurements, and A4; and As
be the corresponding known calibration target scattering matrices; then we can eliminate
either T or R from the expression for the received signal. Thus,

M]M{l = ’CllcglR.AlAz_lR_l, (2)

and, similarly,
Ml_lMg = K:l_lk;zT_l.Al_lAzT. (3)

We will solve the nonlinear equations (2) in a simple manner.
The determinants of the above matrices satisfy the relationships

M| = KF|R{LA|TY, )
MM = KIK5 214047 Y (5)

and
| M7 M| = KT2K3LAT Asl. (6)

|M] determines |R||T}, and |M1M3!| and |M7 M,| depend only on the calibration tar-
gets, not on the measurement system.
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These determinant relationships can be exploited to monitor both data integrity and the
correctness of the mathematical model of the calibration target scattering matrix.

3. CALIBRATION USING A DIHEDRAL AND A SPHERE
Let the scattering matrices of a 90° dihedral and of a sphere be given by D(6) and §, where

—cos26 sin26
). )

D(6) = do ( sin28 cos26

s=so(; ‘1’) ®)

and |D(8)] = —d3 independent of 8, and |S| = s3. Let the measurements using the dihedral
and the sphere be denoted by Mp(#) and Mgs. In general, the dihedral measurements can
be be written as

Mo(8) = chh €0S 20 + sy sin 28 c¢py cOS 20 4+ sy Sin 26 ©)
DV =\ eon cos20 + sy sin 20 cyy c05 20 + 5y, 5in 20 /

where the Fourier coefficients ¢ and s can be written in terms of the components of R and
T. (See Appendix A for details.)

We can attempt to calibrate the system using only dihedral measurements. Thus,
Mp(0)Mp(6)~! = RD(0)D(d) 'R~ (10)
This equation contains |R| explicitly, and
IMp(0)Mp(8)~!| = ID(O)D(6) | = 1. (1)

This determinant condition can again be used to check the model and data integrity of
scattering measurements using a dihedral.

The components of Mp(0)Mp(6)~! can be written in terms of Fourier coefficients ¢ and
3, which can be obtained in terms of the Fourier coefficients ¢ and s (see Appendix A). For
convenience we set!

|R| = ranryy — Fauton = 1, (12)
and obtain the set of equations
Chn =1,
Shh = ThaToh + ThoTuu,
Cho =0,
Sny = —Thy — T (13)
Cup = 0,

A 2
Son = Tyn + Ty
vy = 1,

Suv = ~ThRTuvh — ThuTvy-

Ordinarily 3 equations and the determinant condition would be enough to determine the 4
components of R; however, these equations are not independent, since

(rhhruh + rhurvu)2 + (rhhrm/ - rhvrvh)2 = (rih + rlzw )2 + (rfh + rczw )2' (14)

! In fact, JR| # 1. Once R and T are determined within a normalization factor, we can
use (4) to determine |R||T}.
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Therefore, an additional independent equation, which is obtained using a sphere (or a flat
plate), is needed. We write

MsMp()~' = RSD(6) 'R, (15)

and we define the normalization N, a constant independent of 8,

N = /TR0 = 2L (16)

Here we have good estimates of the right side from physical optics and the experimental
parameters; the sign is chosen so that the equality holds.
We can eliminate s9/d, from the data by computing the expression MsMp(8)~1/N, whose
determinant is 1 [4]. We can write its components in terms of Fourier coefficients as for the
dihedral. Thus,
Chh = ~ThhTvy = ThuTuvh,
Shh = ~ThhTyk + ThuTve,
Chy = 2ThAThy,
‘fht' = lexh - lem: (17)
Cup = ~2ryyTyn,
Sop = T%u - rzzyb)
Coy = ThATvy + ThoTuh,
Suv = TRRTvR = ThoToy-
This set of equations can be solved for the components of R , but the lower signal levels
obtained from the sphere data might degrade the solution. Therefore, we prefer to work
with as many dihedral equations as possible. We choose the expressions for &y, Spn, 8vn
and |R| =1 to obtain a set of independent equations. The solutions are

I {3un ;gvh’
Y e
Tvh =& 9 ) (18)

TyaShA + Ty

Thh =,
Syh

Tyh = TyyShh

Thy = ——=——.
Svh

The condition |R| = 1 allows us to resolve the sign ambiguity in 7y, and ryn. A similar
procedure yields expressions for T. The details will not be repeated.
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Appendix A
THE FOURIER COEFFICIENTS OF DIHEDRAL DATA

The 8 Fourier coeflicients in Mp(6) can be written in terms of the components of R and T
by expanding the matrix expression Mp(f#) = CpRD(0)T. We get

chn = —Thrian + Thoton,
Shh = Thiloh + Tholhn,
Chy = —Thialhy + Tholvu,

Shu = Tanlow + Tholhy, (al)
Cvh = —Tuhlnh + Toolon,

Suh = Tontuh + Povlan,

Cov = —Tyhlne + Povlov,

Suy = Tunlow + Toolho-

We can determine the Fourier coefficients &, § of Mp(0)Mp(6)~! in terms of the coefficients
¢, s of M(6). We get
Cn=1,
Shn = ChoSul — ChhSvu,
Chy = 0’
8hy = ChRShy — Chu$
~hv hhShy hv Shh, (02)
Coh = 0:
Suh = CouSuh — CuhSuus
Cow = 1,
Svv = CuhShu — CvuShh-
These relationships are consistent with [Mp(0)Mp()~!| = 1 and [Mp()|/K3 = -1,
which imply the auxiliary relationships

ChyCuh ~ ChRCyy = 1,
ShuSuh — ShhSwy = 1, (a3)
ChhSuy T ShACyv = ChySyh + ShyCuh-

The structure of these relationships can be understood in terms of the polarization symmetry
of the dihedral. Again, we can use these relationships to verify data and model integrity.

Similarly, we can express é and § in terms of ¢ and s.
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